Abstract This article reviews recent advances in our understanding of hemodynamic signals, external/compressive forces, and circulating factors that mediate exercise traininginduced vascular adaptations, with particular attention to the roles of these signals in prevention and treatment of endothelial dysfunction and cardiovascular diseases.
Introduction
Regular physical activity is required for maintenance of a healthy cardiovascular (CV) system, prevention of CV and metabolic comorbidities, and premature death due to CV causes [1, 2] . However, only about 60 % of the reduction in CV disease risk from physical activity can be explained by effects on traditional and novel risk factors such as inflammatory/hemostatic factors, blood pressure, traditional and novel lipids, body mass index, and HbA1c [3] . Thus, approximately 40 % of the mechanisms underlying the beneficial CV effects of exercise remain unknown. Furthermore, it is also known that the protective effects of exercise training on endothelial function are not mediated by traditional risk factors [4, 5] .
Here, we review recent advances in our understanding of exercise-induced signals for endothelial adaptation that are postulated to account for some of this unexplained risk reduction. Our discussion begins with a review of the influence of exercise on hemodynamic signals. We then examine the role of external compressive forces associated with exercise, with particular focus on recent data from human and animal studies using external pneumatic compression techniques for possible therapeutic gain. Next, we discuss circulating factors postulated to contribute to exerciseinduced systemic endothelial adaptations, specifically focusing on insulin, adipose tissue-derived cytokines, and circulating angiogenic cells (CACs). Finally, we end with a discussion of how these different exercise-induced signals may interact with each other, and propose some priorities for future research efforts.
Hemodynamic Signals

Role of Shear Stress in the Regulation of Vascular Endothelial Phenotype
The vascular endothelium receives complex signals from shear forces produced by flowing blood. These signals and their functional sequelae are important mediators of exercise-induced endothelial adaptations. There is considerable evidence from in vitro studies of cultured endothelial cells and isolated vessel preparations to support the concept that increases in unidirectional shear stress favorably influence endothelial phenotype. In cultured endothelial cells, physiologically relevant shear stress levels (i.e., levels that might be experienced during exercise in humans) have been shown to increase production of nitric oxide (NO), expression of endothelial NO synthase (eNOS), and production of the eNOS cofactor tetrahydrobiopterin, all classic hallmarks of a healthy anti-atherogenic endothelial phenotype [6] [7] [8] [9] . These findings are supported by work in our laboratory using isolated vessel preparations, in that porcine coronary arteriole eNOS and copper-zinc superoxide dismutase mRNA levels are responsive to high (about 6 dyn/cm 2 ) but not low (about 2 dyn/cm 2 ) shear stress [10] . Similarly, eNOS gene expression and endothelium-dependent dilation are responsive to moderate and high shear stress in soleus feed arteries of older rats such that eNOS expression and endothelium-dependent dilation are restored to levels observed in arteries of young rats [11] . In vitro data also indicate that shear stress exerts anti-inflammatory effects on cultured endothelial cells, such as reduced expression of adhesion molecules and protection against insult from inflammatory agents (e.g., tumor necrosis factor and oxidized LDL [12] ). Microarray studies have indicated that increased mean shear stress downregulates a number of inflammation-related transcripts, including vascular adhesion molecule (VCAM) and interleukin-8, and upregulates protective genes such as eNOS and KLF-2 [13, 14] .
To gain insight into the role of shear stress in the maintenance of a healthy endothelium, an important experimental question might be, "What is the impact of removal of shear on endothelial phenotype?" We recently examined this question by assessing the expression of inflammatory genes, including intercellular adhesion molecule-1 (ICAM-1), VCAM-1, Eselectin, and monocyte chemoattractant protein-1 (MCP-1) in an isolated, perfused vessel preparation in which rat carotid arteries were either exposed to constant flow (shear stress of 40 dyn/cm 2 ) or no flow (0 dyn/cm 2 ) for 4 h [15] . The results ( Fig. 1 ) indicated that removal of shear significantly induces expression of ICAM-1 (50 %), VCAM-1 (2.5 fold), and E-selectin (4.5 fold). Thus, taken with the evidence discussed above regarding the beneficial effects of shear, these data support the idea that shear signals are critical for the regulation and maintenance of a healthy vascular endothelial phenotype, as even acute removal of shear can augment the expression of inflammatory genes.
Exercise-Induced Shear Stress as an Adaptive Signal to the Endothelium Endurance exercise induces substantial increases in blood flow through numerous conduit arteries and vascular beds, most notably to contracting skeletal and cardiac muscle to support the increased metabolic demand. Originally proposed in 1992 by Laughlin and McCallister [16] , it is now well-accepted that exercise-induced increases in arterial wall shear stress serve as a primary signal driving endothelial adaptations to training [17] . However, the magnitude of training-induced endothelial adaptations throughout the vasculature is substantially heterogeneous. For example, among skeletal muscle vascular beds, there is evidence that adaptations are directly related to muscle recruitment patterns, such that greater vascular adaptations occur in vessels perfusing the areas with the greatest increase in contractile activity [18, 19] . However, there is also evidence from both human and animal studies of systemic vascular adaptations to exercise, as arteries supplying non-contracting tissues can show functional improvements following a period of regular exercise [20, 21] . Numerous studies have indicated an increase in shear rates during exercise in vessels of noncontracting tissues (e.g., the conduit arteries of the arm during leg exercise) [22] [23] [24] [25] [26] [27] [28] [29] . Recently, experimental evidence has confirmed that these exercise-induced increases in shear stress resulting from hyperemic flow are required for vascular adaptations in conduit arteries that perfuse contracting [30••] and non-contracting [31••] muscles. In the first of these investigations [30••], bilateral handgrip exercise training was performed and the exercise-induced increases in shear stress were attenuated in one arm by a pneumatic forearm cuff inflated to 60 mmHg. Increases in brachial artery flow-mediated dilation (FMD) and ischemic exercise-induced dilation observed in the non-cuffed arm after 2 weeks of training were completely prevented in the cuffed arm.
Thus, these data suggest that exercise-induced endothelial adaptations in the conduit artery supplying the working muscle are shear stress-dependent [30••]. More recently, to address the question of whether brachial artery endothelial adaptations to lower limb exercise are also dependent on shear stress, the forearm cuff model was employed to attenuate increases in brachial artery shear stress during an 8-week cycling exercise training program [31••] . Although in this study the 60-mmHg cuff pressure was not sufficient to completely prevent the increase in brachial artery shear rate during each exercise bout, here again the increase in FMD after 2 weeks of training observed in the non-cuffed arm was completely absent in the cuffed arm.
Thus, it appears that shear stress in conduit arteries of contracting and non-contracting limbs is a potent and necessary signal for beneficial exercise-induced endothelial adaptations. In addition, the finding that adaptations are prevented despite incomplete removal of the shear stimulus by a 60-mmHg forearm cuff [31••] suggests the intriguing hypothesis that a threshold of exercise-induced shear stress exists that elicits beneficial training effects on the endothelium. This hypothesis should be addressed in future experiments, as determining the precise exercise-induced shear stimulus required to induce beneficial endothelial effects could have important clinical implications.
Influence of Shear Rate Patterns on Endothelial Phenotype
Time-average shear stress may not fully capture the intricacies of resting or exercise-induced hemodynamic stimuli, as fluctuations in the profile of the shear waveform throughout the cardiac cycle can also influence endothelial phenotype. During the cardiac cycle, there is not only forward (anterograde) flow, but also a brief period of backward (retrograde) flow during diastole in conduit arteries of the limbs. Thus, within a given cardiac cycle the endothelium experiences oscillations in the shear stress exerted by flowing blood. Endothelial cells are remarkably capable of sensing directional changes in shear stimulus, as they are equipped with a number of complex mechanotransduction and signaling mechanisms acting in concert to alter gene expression and function [32] . The available data indicate that increased retrograde and oscillatory shear can induce profound proatherogenic effects on the endothelium, including increased production of NADPH oxidase-and mitochondria-derived reactive oxygen species (ROS), augmented production of endothelin-1, and enhanced expression of vascular and intercellular adhesion molecules [33] [34] [35] [36] [37] [38] [39] . The functional in vivo consequences of these molecular events were recently confirmed in humans, as increases in retrograde and oscillatory shear stress were found to acutely impair endothelium-dependent dilation of peripheral conduit arteries, whereas removal of retrograde and oscillatory shear with increased antegrade shear acutely augmented endothelial function [ . Thus, exercise acutely attenuates the age-related increase in retrograde shear in the brachial artery, raising the hypothesis, to be examined in future studies, that the removal of proatherogenic shear patterns during exercise might serve as a signal for exercise-induced endothelial adaptations. However, as altered shear profiles in the lower limb conduit arteries are thought to contribute to their preferential susceptibility to atherosclerosis [46, 47] , it will be important for future studies to investigate whether exercise can alter resting shear patterns in these vessels as well.
External Forces
Relevant to a discussion about endothelial adaptations to exercise stimulus are the external pressures encountered by the vasculature. During skeletal muscle contraction, intramuscular pressures increase profoundly to levels that far exceed systolic arterial pressure and can reach upwards of 570 mmHg [48] [49] [50] . As a result, the vasculature embedded within actively contracting tissue is prone to intermittent compression [51] . It has been well established that acute exposure to changes in intravascular pressure and/or collapse elicits smooth muscle cell-mediated changes in arterial tone, termed myogenic autoregulation [52] [53] [54] . The physical forces that facilitate myogenic autoregulation may be mediated by transduction of physical forces through extracellular matrix proteins, smooth muscle cell cytoskeleton (i.e., integrins) and/or mechanosensitive ion channels, ultimately resulting in smooth muscle membrane hyperpolarization and/or calcium efflux [55, 56] . In addition, endothelial derived substances (e.g. NO, prostaglandin I 2 , endothelium-derived hyperpolarizing factor, etc.) are likely to contribute to compression-induced vasodilation as removal of the endothelium reduces, but does not abolish, the vasodilatory response to compression in isolated skeletal muscle feed arteries [54, 56] . Of particular importance to this discussion of chronic vascular adaptations to exercise, we review models of compression, devoid of active skeletal muscle recruitment, to explore the role of intramuscular pressures in the adaptations to exercise training.
External Pneumatic Compression: A Model for the Impact of Intramuscular Pressure on the Vascular Adaptation to Exercise External pneumatic compression devices are currently used in clinical practice for the treatment of a number of conditions, particularly vascular disorders, and can provide a model for the evaluation of the effects of compression on vascular biology. Studies that utilize cuff compression to mimic intramuscular pressure oscillations with exercise have demonstrated that, acutely, intermittent compression induces vasodilation [57] and reduces regional arterial stiffness [58] . To address the chronic effects of external compression, we focus specifically on vascular adaptations following treatments which utilize intermittent external compression cuffs on the lower extremities: enhanced external counterpulsation (EECP) and intermittent pneumatic compression (IPC). Importantly, the intermittent nature of these interventions more closely resembles patterns of muscle contraction observed during exercise. Crenshaw et al. have shown that there is a linear relationship between external and intramuscular pressures with application of external pressure in human cadaver limbs [59] . Furthermore, in a rodent model of IPC, pressure underneath the cuffs closely resembles the pressure programmed on the compression unit [60] . Therefore, vascular adaptations to chronic compression treatment may provide insight into the role of muscle contraction-induced vascular compression in the adaptation to exercise. In this section we briefly describe the results of recent studies examining the therapeutic efficacy of compressive therapy on CV outcomes. We then return to the insights gained from these results on compressive forces as exercise-induced signals for endothelial adaptation.
Enhanced External Counterpulsation
EECP is a noninvasive, atraumatic, outpatient therapy that consists of three pneumatic compression cuffs applied to the calf, lower thigh, and upper thigh of each leg. These cuffs are sequentially inflated at a target inflation pressure of 300 mmHg, from distal to proximal, with compressed air during the diastolic phase of the cardiac cycle and rapidly deflated in early systole. Inflation and deflation of the cuffs is triggered by events in the cardiac cycle via microprocessor interpreted electrocardiogram signals. A standard course of EECP therapy consists of 35 1-h sessions over 7 weeks. Acutely, EECP increases diastolic augmentation, reduces systolic afterload, and promotes venous return with a subsequent increase in cardiac output [61] . EECP is traditionally used to treat patients with symptomatic coronary artery disease (CAD) who are not readily amenable to interventional procedures. Data from most clinical trials and the International Patient Registry demonstrate that EECP is effective in reducing anginal symptoms and nitroglycerin usage [62] [63] [64] [65] , increasing exercise tolerance [62, [65] [66] [67] , and decreasing the need for hospitalization [62, 64, 68] . The clinical benefits of EECP have been sustained for 2, 3, and 5 years after treatment in most patients [69] [70] [71] [72] .
Most investigations conducted to elucidate the mechanism of action have led to the hypothesis that EECP may promote coronary angiogenesis through robust diastolic pressure augmentation during rapid cuff inflation, in an analogous manner to intraaortic balloon counterpulsation. However, this understanding of EECP is only a theory and remains unconfirmed in clinical trials [66, 73] . In an international trial (seven centers; 175 chronic stable angina patients), EECP failed to elicit improved cardiac perfusion in 46 % of study subjects [74] . However, despite negligible improvements in myocardial perfusion, approximately 85 % of patients in EECP clinical trials experienced reduction in angina [62, 74] . Although the initial theory as to the mechanism of action in angina reduction in patients with CAD focused on central angiogenesis, the literature points overwhelmingly to augmentation of peripheral vascular function decreasing cardiac demand [75] .
Enhanced External Counterpulsation Improves Vasoactive Balance
There is biochemical evidence that EECP elicits systemic improvements in vascular biology. For example, a standard course of EECP therapy in patients with CAD was shown to increase plasma levels of NOx by 36-62 % and decrease endothelin-1 by 25-36 % [75, 76] . Importantly, these effects have been shown to persist for up to 3 months following EECP therapy [76] . The benefits of EECP treatment on vasoactive balance are not limited to patients with CAD. It has recently been demonstrated that EECP treatment increases plasma NOx levels by 30 % in subjects with abnormal glucose tolerance [77••] . NO bioavailability may be improved through an antiinflammatory effect of EECP, as evidenced by significant reductions in the proinflammatory cytokines tumor necrosis factor alpha, C-reactive protein, and MCP-1 [75, 78] . NO bioavailability may also be favorably influenced through improvement in systemic redox balance, as plasma levels of 8-iso-prostaglandin F2α, an established plasma marker of oxidative stress, are significantly decreased following a standard course of EECP in patients with CAD [75] and subjects with abnormal glucose tolerance [77••] .
Enhanced External Counterpulsation Improves Vascular Reactivity
Functional assessments of vascular reactivity have also demonstrated marked improvements following EECP therapy. In patients with CAD, endothelium-dependent FMD in the brachial [75, 79] and femoral arteries [75] is significantly improved and peak blood flow in the forearm and calf are also increased [75] . Moreover, improvements in FMD of the brachial and popliteal arteries have also been demonstrated following EECP in patients with abnormal glucose tolerance [77••] . Significant improvements in reactive hyperemia peripheral endothelial function assessment following EECP in patients with CAD have also been demonstrated and have been maintained for 1 month following the course of treatment [80] . Arterial stiffness may also be amenable to EECP therapy. Although decreased peripheral arterial stiffness measured using non-invasive tonometry has been demonstrated in a sham controlled study of patients with CAD following EECP [81] , another study showed no change [82] . Further support for the functional improvements in the vasculature is demonstrated by the improved acetylcholine sensitivity observed in coronary artery rings of hypercholesterolemic swine following a standard course of EECP therapy [83] . Moreover, further studies in hypercholesterolemic pigs have shown that EECP effectively reduces hypercholesterolemia-induced endothelial damage and increases eNOS expression [84] .
Angiogenesis/Vasculogenesis Following External Pneumatic Compression
Despite limited evidence for coronary artery angiogenesis following EECP therapy, some evidence implicates repeated mechanical compression in peripheral vasculogenesis/angiogenesis. It is known that cyclic strain/stretch imposed on cultured endothelial cells and muscle cells can increase the expression of angiogenic factors [60] . Indeed, evidence for vascular remodeling has been demonstrated in models of external pneumatic compression. An acute bout of IPC, which employs lower compressive pressures (in the range 50-120 mmHg) with varying duty cycles that do not coincide with the cardiac cycle, has been shown to significantly upregulate vascular endothelial growth factor and MCP-1 mRNA expression in skeletal muscle in a rodent model of peripheral arterial disease [60] . Furthermore, it has been shown that an acute bout of IPC applied to the hindlimbs of rats increases eNOS expression [85] . Chronically, 2 weeks of IPC treatment in a rodent model of IPC has been shown to improve exercise tolerance, muscle performance, and blood flow to fast-twitch white muscle fibers during skeletal muscle contraction [86] . Further evidence for peripheral angiogenesis in the adaptive response to compression has been demonstrated following 35 1-h sessions of EECP in patients with abnormal glucose tolerance. In that study, the serum levels of the angiogenic marker vascular endothelial growth factor were elevated nearly twofold following 35 weeks of EECP therapy and coincided with improvements in capillary density of the vastus lateralis [77••] . These findings suggest that compressive therapy alters gene expression profiles and neocapillary formation.
Thus, external pneumatic compression studies provide proof of concept that mechanical forces improve endothelial and general CV health. Although the intention of the studies reviewed in this section were to examine the efficacy of compressive therapy, we believe that these models have been and will continue to be valuable experimental models to gain insight into the role of compressive forces, independent of voluntary muscle contraction, in exercise-induced endothelial adaption.
Circulating Factors
We have recently argued [17] that when considering the potential signals for exercise-induced endothelial adaptations, it is important to keep in mind that the typical duration of a single endurance exercise bout ranges from about 30 min (minimum to maintain health) to about 120 min (endurance athletes). Thus, exerciseinduced alterations in hemodynamic and external compressive forces are present for only about 2-10 % of a given day. Circulating factors, however, may be altered far beyond the duration of the exercise bout and could therefore contribute substantially to the exercise stimulus long after cessation of exercise. Consistent with this hypothesis, current evidence indicates that beneficial changes in circulating hormonal, inflammatory, and oxidant stress-related factors may function as signals for exercise-induced vascular endothelial adaptation. We focus this section on three particularly important circulating factors that have recently received considerable attention as putative signals for endothelial adaptations to exercise: insulin, adipose tissue-derived cytokines (i.e. adipokines, specifically leptin and adiponectin), and CACs.
Insulin
There is substantial evidence that insulin has a number of beneficial effects on endothelial cells, including increased NO production, decreased ROS generation, increased antioxidant gene expression, and decreased proinflammatory gene expression (reviewed in [17] ). Beyond these molecular effects, insulin has significant functional effects on the vasculature, including dilation of large and small vessels and recruitment of skeletal muscle capillaries to increase nutritive flow [87] . Recent data indicate that loss of this endothelium-specific insulin signaling reduces whole-body and skeletal muscle insulin-stimulated glucose uptake [88] , illustrating the broader importance of insulin's endothelial effects. Furthermore, the vasodilatory effects of insulin are attenuated in subjects with impaired endothelial function and type 2 diabetes, in that insulin-stimulated nutritive flow to skeletal muscle is largely reduced in the insulin-resistant state [89] [90] [91] . Thus, endothelial cells can effectively become desensitized to insulin, and this endothelial insulin resistance occurs in close association with the development of insulin resistance in downstream tissues (e.g., skeletal muscle).
Additionally, while loss of endothelial insulin signaling is associated with type 2 diabetes and its vascular complications, it is also important to consider the adverse influence of excess insulin on endothelial phenotype. The pathogenesis of the progression of the insulin-resistant state to overt type 2 diabetes involves well-characterized compensatory increases in pancreatic insulin secretion to maintain euglycemia. In vivo and in vitro data suggest that chronic hyperinsulinemia associated with insulin resistance promotes a dysfunctional, proinflammatory, and proatherogenic endothelial phenotype [92] [93] [94] [95] . Thus, it appears that in health, insulin has beneficial physiological effects on endothelial cells, whereas both hyper-and hypoinsulinemia induce pathophysiological endothelial signaling. It is of interest, then, to determine strategies for maintenance of appropriate concentrations of insulin and endothelial cell insulin sensitivity for the prevention and treatment of CV disorders associated with metabolic diseases.
It is clear that endurance exercise has potent beneficial effects on glucose tolerance and whole-body insulin sensitivity, and a large body of evidence supports the contention that regular physical activity is required for the maintenance of appropriate glucose and insulin metabolism [96] [97] [98] . Thus, we propose that regular exercise serves to maintain circulating insulin at "optimal" levels, which could prevent the adverse vascular consequences of too high (i.e., proatherogenic hyperinsulinemia, as seen in insulin resistance and prediabetic states) or too low (loss of insulin signaling, as seen in hypoinsulinemia of overt type 2 diabetes) levels of insulin (Fig. 2) .
Adipose Tissue-Derived Cytokines (Adipokines)
It is becoming increasingly appreciated that impairments in endothelial function and increased risk of CV disease are at least partly attributable to adipose tissue-derived factors. Data from human and animal studies indicate that visceral adipose tissue depots secrete proinflammatory adipose tissue-derived cytokines (i.e., adipokines) in response to excessive lipid accumulation. Adipokines are secreted primarily by infiltrated immune cells residing within the adipose tissue, although some adipokines (primarily resistin and adiponectin) are secreted by the adipocytes [99] . Regardless of the specific cellular source of the adipokines, evidence indicates that crosstalk between adipose and vascular tissues exists and that exercise training can favorably influence cytokine production. Here, we summarize the recent advances in our understanding of the role of two adipokines, leptin and adiponectin, in signaling to the endothelium in CV disease as well as in exercise-induced vascular effects. Other adipokines such as tumor necrosis factor alpha, resistin, interleukin-6, monocyte chemoattractant protein-1, etc. are also of great interest, as these molecules are implicated in the development and progression of atherosclerosis. However, owing to space limitations, we have opted to focus on adiponectin and leptin, as these adipokines have received substantial attention with respect to exercise for their potential in the prevention and treatment of endothelial dysfunction and CV disease.
Leptin
Leptin was discovered as the product of the mouse obesity gene (Ob) that, when mutated, led to pronounced obesity and type 2 diabetes [100] . Later advances demonstrated that leptin is secreted from adipose tissue [101] , is directly related to fat mass and adipocyte size [102] , and has potent generalized CV effects [103] . Specifically, excess circulating leptin is linked to damage and dysfunction of the vascular endothelium through stimulation of neointimal growth [104] and increased endothelial oxidant stress [105, 106] . Evidence supports the efficacy of regular exercise as one strategy to reduce pathophysiological levels of adipose tissuederived circulating leptin. At these levels leptin has been experimentally demonstrated to impair NO-mediated vasodilation of coronary arterioles [107] . The most consistent circulating leptin-lowering effects of exercise have been observed with dietary co-interventions and/or when weight loss is achieved [108] [109] [110] [111] [112] [113] . Several of these studies have shown that exercise without weight loss has no effect on circulating leptin concentrations [108, 111] and the effects of exercise on leptin levels are closely linked to changes in fat mass and/or fat cell size [112, 113] . Nevertheless, although recent studies have repeatedly supported this link between leptin levels and fat mass, it is important to note that two early studies indicated that exercise can affect leptin concentrations independent of changes in body weight or composition [114, 115] . Data from rodents [116] [117] [118] and humans [109, 110] indicate that the effects of exercise on adipose tissue leptin gene expression are closely associated with effects on plasma leptin, solidifying the role for leptin as an adipose tissuederived signal molecule for the vascular adaptation to exercise in obesity-associated CV complications.
Adiponectin
Adiponectin is secreted by adipocytes and is a potent antiinflammatory and cardioprotective circulating factor. High levels of circulating adiponectin protect against disorders in glucose and insulin metabolism [119] and have beneficial effects on endothelial cells, including NO-mediated vasodilatory effects and inhibition of endothelial inflammatory responses [120, 121] . Low circulating adiponectin concentrations, thought to be the result of reduced adiponectin gene expression in inflamed adipose tissue [122] , are also associated with increased circulating levels of soluble adhesion molecules, conduit artery endothelial dysfunction, and risk of CAD [123] [124] [125] . The current literature on whether exercise training increases circulating adiponectin is equivocal, as a systematic review on the effects of exercise on adiponectin levels in humans concluded that about 40 % of randomized trials found increased adiponectin following exercise of varying intensities, durations, and frequencies [126] . Here again, a critically important distinguishing feature of studies showing positive results is that exercise accompanied by some degree of weight loss produces more consistent increases in circulating adiponectin [127] [128] [129] [130] [131] . In contrast, a number of studies have shown that exercise without weight loss does not alter adiponectin levels [132] [133] [134] [135] [136] [137] , with some notable exceptions [97, 138, 139] .
Despite the inconsistent effects of exercise per se on adiponectin levels, it is possible that exercise may alter adiponectin signaling (and hence reduce expression of proinflammatory adipokines) through other means. For example, adiponectin receptor expression is increased in human and rodent skeletal muscle [140, 141] as well as human omental and subcutaneous adipose tissue depots [142] following exercise training. Additionally, exercise can acutely increase interstitial concentrations of adiponectin in adipose tissue [143] . Thus, although exercise training per se may not consistently increase circulating adiponectin concentrations, the possibilities arise that exercise may (i) favorably influence the local inflammatory environment of adipose tissue through increased adiponectin secretion and upregulation of receptors, and (ii) increase the sensitivity of peripheral tissues to adiponectin levels, both of which could have implications for beneficial exerciseinduced endothelial adaptations.
Circulating Angiogenic Cells
Historically, it was thought that blood vessels lack intrinsic mechanisms to repair cellular damage that causes endothelial dysfunction, especially damage resulting from inflammatory and oxidative injury that precedes atherosclerosis. However, it is now clear that there are several circulating angiogenic cell (CAC) types that contribute importantly to vascular endothelial maintenance and repair functions. In this section we briefly review the definitions and functions of CAC subpopulations and recent advances in the understanding of the effects of exercise on CAC numbers and function.
Definitions and Functions of Circulating Angiogenic Cell Types
CACs comprise a number of peripheral blood mononuclear cell subsets that perform a variety of functions in maintaining the endothelial lining of blood vessels. The current theory is that CACs support blood vessel maintenance in at least one of the following ways: by migration to sites of endothelial damage and incorporation into the endothelial monolayer, thus providing a 'fresh' endothelial cell to replace a damaged one; contributing to vasculogenesis/ angiogenesis by incorporating into new vessels as they sprout/expand into tissues requiring increased perfusion; and/or via the release of angiogenic growth factors and cytokines in a paracrine manner at sites of new vessel growth or endothelial damage, aiding in recruitment and proliferation of endothelial cells or other CACs. While an extensive discussion of these putative mechanisms is beyond the scope of the present review, current evidence favors paracrine/autocrine effects of CACs as the primary mechanism underlying their role in maintenance of a healthy endothelium. There are at least four peripheral blood mononuclear cell subpopulations that can function as CACs under certain conditions: (1) endothelial progenitor cells [144] , i.e. cells that coexpress a stem/progenitor cell surface marker and an endothelial cell marker; (2) circulating bone marrowderived CD34 + progenitor cells (regardless of coexpression of an endothelial antigen [145] ); (3) proangiogenic monocytes [146] and T cells [147] ; and (4) circulating endothelial cells that originate from the vessel wall [148] . In this section we discuss the current evidence relative to the effects of endurance exercise on the number and functional properties of these CAC types in an integrative manner, and the generic term "CACs" is used for simplicity.
Effects of Exercise Training on Circulating Angiogenic Cell Number and Function
The first report of exercise training-induced effects on CACs indicated that mice with access to a running wheel had greater circulating levels of bone marrow-derived CACs than sedentary mice [149] . Importantly, these effects of exercise were not observed in mice treated with the NOS inhibitor L-NMMA or in eNOS knockout mice, indicating the necessity of NO signaling in exercise-induced CAC mobilization. This finding was supported recently by data from human subjects, as exercise-induce mobilization of bone marrow progenitor cells was shown to be inhibited by systemic L-NMMA infusion [150••] . There is evidence that ROS-related homeostatic mechanisms are involved in the regulation of chronic exercise-induced changes in CAC numbers, as experimental knockdown of catalase activity in mice prevents increases in bone marrow CACs following a 3-week period of physical activity [151] . Most investigations of the effects of exercise training on CAC numbers in humans have used patients with CV disease as study participants and indicate that patients with CV risk factors or overt CV disease demonstrate increases in CAC numbers with regular exercise [149, [152] [153] [154] , with the most robust and consistent response being observed in patients with exercise-induced limb ischemia. However, CAC numbers can also increase in healthy patients following exercise training in the absence of ischemia, indicating that while limb ischemia may be a sufficient stimulus, it is not necessary for exercise-induced mobilization of CACs [155] . Cross-sectional studies in healthy subjects have been less supportive of chronic exercise-induced effects on CAC numbers [156, 157] , although there is one report of higher CD34 + cells in trained than in sedentary older men [156] .
Concentrations of CACs in peripheral blood are an important indicator of endogenous endothelial repair capacity [158, 159] , but it is also critical to consider the functional capacity of CACs in examining their role as a putative exercise-induced signal for endothelial adaptation. Substantial data suggest that a number of functional aspects are impaired in the presence of CV disease or risk factors. For example, CACs from subjects with type 2 diabetes, coronary heart disease, and chronic limb ischemia display remarkable impairments in ex vivo reparative capacity and migratory action towards proangiogenic chemokines compared to healthy controls [160] [161] [162] . Furthermore, impairments in CAC functional capacity are closely associated with increased CV and metabolic risk (for recent reviews, see [163] [164] [165] ). Here again, it is becoming increasingly clear that exercise may serve as an effective strategy for the preservation of CAC function in health as well as for the reversal of CAC dysfunction in CV disease. For example, a pioneering study by Laufs et al. [149] indicated attenuated CAC apoptosis in mice following 28 days of exercise compared to sedentary control mice. In addition, exercise training in healthy older men enhances the migration of CACs towards angiogenic growth factors [155] , increases CAC-mediated formation of capillary-like structures ex vivo in ischemic and subischemic patients with peripheral arterial occlusive disease [166] , and increases capillary-like structure formation [167] and migratory capacity in patients with congestive heart failure [168] .
Regarding the mechanistic underpinnings of these beneficial effects of regular exercise on CAC function, the available data suggest that exercise improves the redox status of CACs. Specifically, recent work has focused on the regulatory effects of exercise on intracellular NO and ROS dynamics, as several studies in the CAC field have suggested that these pathways are functionally important for CAC actions in a manner similar to that widely observed for vascular endothelial cells [145, 169, 170] . For example, it has been recently shown that cultured CACs of exercisetrained young men have 60 % higher basal intracellular NO levels than sedentary age-and body mass index-matched men. Furthermore, experiments with the NADPH oxidase inhibitor apocynin have indicated that about 50 % of this difference is explained by increased NADPH oxidase activity and gene expression in CACs from the sedentary group [171•] . The findings that the NADPH oxidase activity of cultured CACs is reduced and intracellular NO levels are increased by regular endurance exercise have been recently replicated in a longitudinal exercise training study in patients with the metabolic syndrome [172] . Similarly, freshly isolated CD34 + CACs from sedentary individuals have been demonstrated to have greater basal levels of intracellular NADPH oxidase-derived superoxide levels compared to those from endurance-trained subjects [173•] . However, it is important to note that the redox biology of CACs and endothelial cells present some important differences, as CD34 + CACs from these sedentary subjects [173•], surprisingly, also had higher intracellular NO levels. This was associated with higher expression of iNOS mRNA and lower expression of eNOS mRNA, suggesting that CD34 + cell iNOS expression may be upregulated in the sedentary state. Importantly, high levels of iNOS-activity are associated with cellular responses to inflammation and result in the production of more reactive deleterious reactive oxygen/nitrogen species such as peroxynitrite. Thus, it can be speculated that regular exercise is associated with a reduced state of cellular nitrooxidative stress in CD34 + CACs, but the functional implications of this association, and whether the same association exists in other CAC types, requires further research.
Several questions remain regarding the functional importance of CACs as exercise-induced vascular signals. One particularly critical issue is that it is still unknown whether CACs aid directly or indirectly in exerciseinduced angiogenesis of skeletal muscle. A recent report suggested for the first time that CD34 + CACs actually incorporate into the skeletal muscle vasculature following a period of exercise training in patients with congestive heart failure [168] . The authors interpreted these data as evidence for CD34 + cell-mediated exerciseinduced neovascularization. However, it is important to keep in mind that the CD34 antigen is expressed not only on circulating bone-marrow derived progenitor cells but also on microvascular endothelial cells [174, 175] . Thus, it is a possibility that the increased CD34 + protein expression in muscle samples following exercise training in these subjects simply reflects normal exercise-induced angiogenesis independent of CAC involvement. This blood vessel-mediated skeletal muscle angiogenesis is a welldocumented phenomenon [176] , and in fact the prevailing evidence indicates that most CAC types probably do not incorporate into growing vasculature, but exert their proangiogenic effects through paracrine mechanisms [177, 178] . Thus, future research should determine definitively whether CACs contribute to exercise-induced "neovascularization" of muscle. Additionally, if CACs are indeed found to contribute significantly to exerciseinduced angiogenesis through incorporation into growing vasculature, the magnitude of their contribution should be quantified.
Possible Interactions Among Exercise-Induced Signals for Vascular Adaptations
The exercise-induced signals discussed above could interact with each other in the regulation of endothelial phenotype and function. Rather than exhaustively discuss all possible permutations, in this section we present an overview of documented interactions between shear stress and the other factors discussed. This "shear centric" view stems from our longstanding interest in exercise-induced changes in shear stress as a primary driving force of exercise-induced endothelial adaptations [16] , and the substantial evidence from the literature that local hemodynamic forces are key determinants of endothelial cell phenotype, even in the face of fluctuating conditions in the circulating environment [179] .
Interaction Between Compression and Shear Signals
An important mechanism responsible for improvements in vascular function and phenotype following compressive therapy is likely related to the intermittent bouts of increased shear stress created with each inflation/deflation cycle of the pneumatic cuffs. In vitro support for shear as a mechanistic mediator of adaptations comes from an experiment in which human umbilical vein endothelial cells were exposed to compression and flow rates similar to those observed from external compression in veins, and it was demonstrated that flow is the major contributor to adaptations in NO production and eNOS protein expression [180] . At present, there is not a model available to study similar outcomes with arterial flow and pressure patterns, and evaluating the effect of long term compression in arterioles is problematic. Development of such models would help tease out the causal molecular mechanisms involved in effects of compression per se and of compression-shear interactions on endothelial phenotype. For example, sequential inflation (about 300 mmHg) of the three pneumatic EECP cuffs from calf to buttocks during diastole produces a robust retrograde pressure wave in the central aorta that subsequently increases coronary artery perfusion pressure, analogous to intraaortic balloon counterpulsation [181] . Consequently, inflation of the EECP cuffs also produces an increase in retrograde blood flow in the femoral arteries and a simultaneous increase in antegrade flow in the brachial arteries [84, 182] . Using color Doppler imaging in a porcine EECP model, it has been found that brachial artery wall shear stress increases by more than 200 % during hindlimb compression with EECP pneumatic cuffs [84] . In humans, during an acute bout of EECP antegrade endothelial shear stress in the brachial artery is increased by 75 % and retrograde endothelial shear stress in the popliteal artery is increased by 402 % [183] .
Despite this large acute increase in retrograde shear, a recent EECP trial showed substantial increases in FMD of peripheral arteries [77••] . This finding generates an interesting hypothesis about the role of contraction-induced retrograde shear as a possible exercise-induced signal for endothelial adaptations. During exercise, the contractioninduced compression of intramuscular vessels causes a well-documented increase in retrograde flow [51] . In conduit arteries perfusing active muscles, the magnitude of change in the retrograde component depends on a number of factors such as force, velocity, and frequency of muscle contraction [184] . Thus, taken with the evidence discussed above indicating that retrograde shear is a potent prooxidant and proinflammatory stimulus, it is possible that acute increases in retrograde shear during exercise may provide a stimulus for endothelial adaptations in accordance with the concept of hormesis. Specifically, transient increases in inflammation and oxidant stress might trigger the upregulation of antioxidant and antiinflammatory pathways as a protective adaptation which results in improved endothelial function following chronic repeated exposure. In support of this idea, the aforementioned EECP trial [77• •] also found favorable changes in circulating markers of NO bioavailability (i.e., increased plasma nitrates and nitrites and reduced asymmetric dimethylarginine) and oxidant stress (reduced 8-iso-prostaglandin F2α), indicating that muscle compression can alter the systemic redox balance in association with increases in endothelial function. However, whether the acute increases in retrograde shear along the endothelium are responsible for this association should be the focus of future studies.
Interaction Between Shear and Insulin
Some recent studies support the idea that exercise may preserve sensitivity of the endothelium to insulin's vasodilatory effects. For example, the insulin-sensitizing effects of endurance exercise training are linked to increases in insulin-stimulated bulk blood flow to skeletal muscle in humans [185••] , consistent with previous data from rats showing that 14 days of exercise training improves insulin-induced capillary recruitment [186] . Surprisingly, a study by Rattigan et al. [186] is, to our knowledge, the only study to date that has examined the effects of exercise training on insulin-stimulated capillary recruitment. However, recent experiments from our group showed that regular physical activity increased insulin-induced vasodilation of isolated second-order skeletal muscle arterioles in a rat model of type 2 diabetes [187••] . Thus, there is emerging evidence that exercise has beneficial effects on endothelial insulin sensitivity, but the mechanisms regulating increased sensitivity to insulin-induced capillary recruitment and arteriolar vasodilation remain to be determined. We propose that shear-induced signals to the endothelium may act to promote a more insulin-sensitive endothelial phenotype [17] , which manifests itself in the form of improved insulinstimulated blood flow to and glucose uptake by skeletal muscle.
Interaction Between Shear and Circulating Angiogenic Cells
There is support from several lines of evidence that shear stress may be a key physiological signal for the mobilization of some types of CACs, particularly endothelial progenitors, from their bone marrow niche. Endothelial cells within the bone marrow are subjected to increased shear during exercise as a result of increased blood flow, which does occur in some bones in an exercise duration-dependent and partially intensity-dependent manner [188] . Additionally, eNOS knockout in mice [149] and systemic NOS inhibition by L-NMMA infusion in humans [150• •] prevents exerciseinduced mobilization of bone marrow-derived CACs, suggesting a requirement for the eNOS pathway. Further, it is well-documented that NO activity is required for mobilization of bone marrow cells from a variety of stimuli [189] . Fig. 3 Summary of hemodynamic signals, compressive forces, and circulating factors involved in exercise training-induced endothelial adaptations, illustrated by contrasting the effects of regular endurance exercise [high mean shear stress and external compression, optimal levels of insulin (see Fig. 2 ), low leptin levels, increased adiponectin levels, and increased number and function of CACs; left side) vs. those of a sedentary lifestyle (for simplicity, depicted as opposite of regular endurance exercise; right side) Thus, we can postulate that exercise-induced increases in shear-induced NO production in the endothelium of bone marrow vasculature results in mobilization of progenitor/ angiogenic cells to support systemic maintenance of the vascular endothelium.
Conclusions
In summary, endothelial adaptations to endurance exercise appear to involve the independent and interactive effects of hemodynamic, external compression, and circulating factors, as summarized in Fig. 3 . We propose that these factors contribute to a proportion of CV risk reduction through regular exercise that cannot be explained by traditional risk factors. Future studies should not only focus on quantifying the extent to which these factors account for the risk reduction, but also consider the possibility that the interactions among different signals may be more important than teasing out the roles of single factors in a reductionist fashion. In this study, we employed an arm hanging model to mimic the hemodynamic milieu present in the lower limbs while seated. Because making the arm "look like" the leg resulted in blunted endothelium-dependent vasodilation at the brachial artery, this study suggests that, when a "healthy" vessel is abruptly exposed to proatherogenic shear rate patterns, the endothelium becomes compromised. 43.
• Young CN, Deo SH, Padilla J, Laughlin MH, Fadel PJ. Proatherogenic shear rate patterns in the femoral artery of healthy older adults. Atherosclerosis. 2010;211:390-2. In this study in our laboratory we observed reduced mean and antegrade shear and increased retrograde and oscillatory shear in the femoral arteries at rest in older compared to younger adults, suggesting that altered hemodynamic patterns may contribute to the ageassociated increase in risk of atherosclerosis in lower limb conduit vessels. 
